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ANALYSIS OF THE EFFECTS OF FREE STREAM

GAS VELOCITY UPON ASTRONAUT THEFJ_ C_._ORT

_OBJECTIV"__ I

The Analytical Section of the MS iBranch of the Cre'_Systems Division

has performed a study to investigate the effect of free stream gas

velocity upon astronaut performance. The ultimate objective of this

investigation was to determine the minimum free stream velocity that can

be tolerated by man in a zero gravity environment, assuming a reasonable

range of possible cabin environmental conditions and crew activity

levels,

l

!NTROD_3T'I'O'N' i

A free stream velocity of the atmosphere surro_ing man providos two

principal functions: (a) removes the products of metabolism and (b)

provides metabolic heat rejection.!

Carbon dioxide and water are the i major by-products of metabolism in

man. It is necessary to remove these _mstes from the immediate vici_£ty

of the man so that he can continue functioning normally. To a certain

extent, normal gaseous diffusion will accomplish this function. However,

the diffusion mechanism is limited and for metabolic rates higher than

sedentary, a free stream gas velocity must be prJvided.

b

Thermally, a free stream gas velocity provides convection cooling and

evaporation of moisture released as "sweat" by the man. For high •



ANALYSIS OF THE EFFECTS OF FREE STREAM

GAS VELOCITY UPON ASTRONAUT THEPSWAL C_._ORT

OBJECTIVES____ t

The Analytical Section of the _S Branch of the Crew Systems Division

has performed a study to investigate the effect of free stream gas

velocity upon astronaut performance. The ultimate objective of this

.........investigation was to determine the minimum free stream velocity that can
i
i "

be tolerated by man in a zero gra_y environment, assuming a reasonable
J
i

range of possible cabin environmental conditions and crew activity
l

level s. r

I

INTROD_TION J
q

. l free stream velocity of the atmosphere surrounding man provides two

principal functions: (a) removes the products of metabolism and (b)

provides metabolic heat rejection.!

Carbon dioxide and water are the _ major by-products of metabolism in

man. It is necessary to remove these _stes from the immediate vicinity

of the man so that he can continue functioning normally. To a certain

extent, normal gaseous diffusion will accomplish this function. HowBver,

the diffusion mechaui_m is limited and for metabolic rates higher than

sedentary, a free stream gas velocity must be provided.

@

Thermally, a free stream gas velocity provides convection cooling and

evaporation of moisture released as "sweat" by the man. For high
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activity.rates, latent evaporation is often a principal means by which

man dissipates metabolic heat. Since diffusion alone cannot provide

adequate mass transfer under these circumstances, a free stream velocity

" becomes mandatory. Of course, the!magnltude of required latent evapora-
i

tion h_at removal is a fUnction of!all of the environmental parameters
o i ii

affecting crow thermal comfort: atmospheric free stream velocity,

pressure, cabin gas temperature, cabin de_ point temperature, and cabin

.........wall temperature. For the purpose_ of this study, it was ass_ed that.
b
i

the cabin wall temperature would not be b_low 55°F (to prevent water
J

¢ondensation on the w_l'l) and that Icabin dew point temperature _rould not
! .

exceed 60OF. Furthermore, the analysis considered cabin pressures of

i
5 psia I0 psia, and 1/4-.7psia. On_ additional constraint placed upon

the problem required that body ski_ temperature be maintained above 88°F,

since lower temperatures induce discomfort. This last constraint places

a restriction on the amount of radiation heat transfer to which the
i
I

crewman can be subjected. ]

Phase I concerned itself with the determination of free stream v6!ocity

existing under sea level conditions due to the atmospheric motion

induced by (I) the temperature gradient between the man and the atmos-

phere and (2) the gravity field. It is expected t.hatthis velocity,

which can provide thermal comfort under one-g at 14.7 psia, produces a

' thermal dissipatory effect which, if duplicated at 5 psia under zero-g

will result in an acceptable velocity environment.

!
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Phase TT employed the use of the }_ASA-}LSCTransient Metabolic Load

Analysis computer program. This program has the capability of

predicting h_&manthermal comfort under a variety of environments and

• considers the effect of free stream gas velocity on both convective and

. evaporative cooling. I

Finally, Phase III consisted of a iliterature search of manned ch_r

.....++ tests evaluating hu_n thermal co,mfort zones at reduced pressures. _le

analysis and results of the study foLlo_.

ANALYSIS _O RFSULTS _i
+

I. Correl_.tion of "Free Convection" Flow to a Forced Ve!ocitywF_ield
I

Phase I of the analysis inves_iga%es the nature and significance of free

and forced convection and ovaluat6s thelr dependence upon velocity.

k_ere a gravity field e_sts, such as on earth, there will be fluid

motion around a man if his surfac6 temperature is at a temperature

different from that of the atmosphere surrounding him. This is caused

by density gradients bet_on the atmosphere near the z_n's skin _urface

and that removed from him. These gradients create buoyant forces. The

buoyant forces result in fluid motion _th consequent convective heat

and mass transfer taking place. The force of gravity is thus the

. driving force which produces the atmospheric motion and maintains a

"free convection" process continuously around a man on earth.

w

Therefore, this motion is always providing a mini__ free stream gas

•velocity to maint_in physiological well-b_ing &s previously disoussed

(i.e., providing convective cooling, evaporative water removal, CO2

removal, etc. ). It _ight be added that, in many situations on e_rth,
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man is not content with this "free convection" and thus artificially

supplies a more "comfortable" forced convection field.

In the zero gravity space environment, free convection doesn't exist.
• t

Therefore it should be of benefit _o determine the forced convection

• required to provide the condition Which exists on earth.

If one were to characterize man as;_acylinder with a gas stream flowing
i'

paralle I to .hisbody (a perpendicu_,.arflow assumption does not give
I

significantly different results), ,_heNusselt number (Nnu) for forced

4

convection m_y be written: _

I: z

1) Nu_ = (hforoed L/]_= .66_.. (_L)I)_) (C2_)/k) _
I

The free convection _Nnu-may be similarly written:

2) Nu_ = (hfreo L)Ik= .67(_ + ;.952
I L

t -

twhere _ = gas density, Ib/ft3 Cp = specific heat, Btu/ib-°F

¥ --gas velocity, ft/min i Fr --Frandtl number

L = plate or cylinder length, ft. Gr = Grashof number

= gas conductivity, Btu/hr-ft OF h = heat transfer coefficient,

_4 = gas viscosity, Ib/ft-hr Btu/hr - ft2 - OF

Utilizing the properties of air (or oxygen).and considering the body

dimensions of an average man, and setting equations 1 and 2 equal, _'_ getb

3) .0_2(P_)_= (._) (p)2g(Ts-Ta)¼

t
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where P = pressurej _ Ta = cabin g_s temperature,°F

g.--fraction of earth gravity V = gas free stream velocity_ _/r_in°

Ts = body skin temperature• o

I"

which reduces to ._.

• t 1

We can solve equation 4 by assuming that a comfortable sea level
l

environment is one in which the t_mperature difference between skin_ and
l

\ i
atmosphere is 20°F. Furthermore, We can say a sli_htly uncomfortable

environment exists when Tskin - T_ir = lO°F, and finally, a moderately

•uncomfortable or stuffy envlronment exists at Tskin - Tair = 5°F. These

three rather reasonable situations_ should illustrate the velocity range

mormal_ experienced at sea leve_and are shown in Figure I. It _ll be

noted that the velocity ranges from 15 to 35 ft/mln.
I

J

Although the above results may be _indieative of the range of velocities •

- _f interest, the importance of velocity on the affected parameters

(i.e., heat transfer, evaporation, etc.) has not been established on

earth. Therefore no correlation about that velocity required for the

space application at reduced pressure and that required on earth can be _

made at this time. It is first necessary to consider the actual thermal

. balance of a crew_mn in a spacecraft environment. Therefore, these

results must not be interpreted to be indices of thermal comfort.

* Skin temperature is normally near 93°F.

e
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TT. Computer S_mulatlon

The next phase of the investigation employed the use of the NASA

Transient Metabolic Load Analysis !computer program. The program
: l i

analytically simulates the therm_ response of man to his environment as

& function of his metabolic activity level in significant detail. The
il

simulator considers the internal physiological re._ponse (cots tempera-
!

" ........ture, blood flow, respiratory ratei, etc.) of the man#resultlng inI

sweating rate, shivering rate, he_t storage, etc., as _ell as the
. !

external heat transfer mechanisms _%mklng place between the man and his

environment through convection, radiation, and evaporation.

i
I

Computer simulations were made at _5psia and 14.7 psia. The 5 psia

@ases considered Mall temparatures from the lo_r limit of 55°F * to a -

nominal value of 75OF. Furthermorle, cabin gas temperatures ever the

range 70 to 75OF and de_Tpoint temperatures of 55 to 60°F Mere used. In

additlon, several metabolic rates _ere considered. The 14.7 psla run

was performed to correlate the effect of I "g" free convection ?rlth

forced velocity effects for typical sea level Conditions at .various

metabolic rates. Figures 2 to 5 are plots of body heat storage vs.

velocity for steady state conditions.'"

A 55°F lower limit wall temperature was chosen to prevent Mater con-
densation on th_ wall.

w

_* Some mention should be made of the use of body heat storage as the
significant comfort parameter. Under conditions of thermal cc.-_fort,
&verage skin temperatures are approximately 93°F and average deep
body temperatures are approximately 98.6°F. The total heat storage
resulting from these temperatures rlslnE slgnificautly above their
norm values is considered an accurate _ppraisal of thermal comfort.
Heat storage values in excess of 300 Bt_'s are equivalent to running
a moderate "fever" and result in decrem_hts Inperfermance; heat

_ : i_storage_:values in _eXces$iof 400 rBt_,S ar_:eq_val_nt _:_to_ai!h_'_her_body
• :temperature vith a oossibilltv of heat e_haustion or collapse.
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Of primary interest is the shape of the curves in Figures 2, 3, and 4.

As stated in the introductory covenants, diffusion alone does not provide

adequate moisture removal. This effect is sho_m quite dramatically at

I

the lower velocities. Heat storage rises exponentially since inadequate

mass transfer does not dissipate t_e latent heat generated at high meta-
°

belie rates. As the velocity increases, mass transfer incrcases "m_til

all of the latent heat generated by the man is evaporated. At this

point, the curves flatten out and lit can be seen that the gradual
I
I

decrease is due to convection coo_ing alone _hich is not very signifi-
I

cant for the velocity range considered. Therefore, it may be conoluded
i

that the importance of velocity in maintaining the thermal balance of a

I i

working cre_an stems primarily f_om _ater removal, not convective
• I ""

cooling. [ .

The significant results of this pdrtion of the analysis show that for
i

periods of high activity (2000 Bt_/hr metabolic rate), velocities of at
!

least 15 ft/nLin are required to remove the latent hGat of evaporation

generated and thus maintain body heat storage below the point of possible

collapse even _th the lo_st ?Tall ter_perature. For the higher wall

temperatures, periods of high activity _uld result in definite perform-

ande impairment and possible collapse if sustained for any length of
I

time unless velocities near 25 ft/min are provided. However, for the
°

" high wall temperature case, periods of moderate activity (I000 Btu/hr)

could be safely tolerated with cabin velocities of 15 ft/min. For
|

resting periods (500 Btu/hr or less) diffusion is sufficient. It should

be noted that the most desirable therm_l condition (zero heat storage)

occurs for a sedentary crewm_n _th a cold wall and a velocity of 15 ft/min.



j-

' :15

A run at sea level Conditions was made to compare the results from the

transient metabolic simulator with the Phase I results which indicated

" free convection equivalent velwcity to be 15 to 35 ft/min. Figure 5

shows that heat storage is dependent only on free convection until

forced convection effects begin to dominate at velocities greater than

25 ft/mln. This-suggests thatifree convection currents at sea level

.......... generate equivalent velocitieslin the neighborhood of 25 ft/r_in,which

is in basic agreement with the Iresults of Phase I of this study (see

Figure 1). This result of velpcity equivs!ence could have been antici-

pated since (1) it has been deter_ed that ev_,poration is the dominant

effect and (2) evaporation is _ontrolled by water vapor removal, which

is a function of volums flo_t (landthus proportior_al to velocity).
i

III. Literature Search

The final segment of the stu_ _¢asa literature search to _otermine any
i

qualitative velocity effects _hat might exist. The most pertinent

documsntation that could be fouledwas a report of a manned throbber test

to determine ther_ml co_ffort zones for mixed atmospheres at reduced

pressures. The investigation was performed by Douglas Aircraft Corpora-

tlen under Contract NASW-1371. The study was actually intended to
$

determine the effect of reduced gas therm_%l conductivity upon comfort;

. however, it coincidentally provided some insight into the effects of gas

velocity. The significant result of this test was that subjects at

5 psia experiencing velocities of 20 ft/min requ/red lo'_r lirz[t comfort

temperatures significantly below those of subjects exposed to velocities

ef 50 and 80 ft/min. One series of runs indicated that a r_inimum

i .
¢

f
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temperature of 71°F was selected _# subjects at 5 psia to keep them

comfortable. This would seem to suggest that to maintain cow.fortwith

velocities bolo_ 20 _t/min, the environmental control system would have

i 4
to be capable of providing cab_n temperat_'_es below 70°F. Of course,

. the chamber tests in the Do glas study were all made at 1 "g" and the

effects of free convection on the results cannot be underestimated.

i
.......... Other intorosting results of the literature search disclosed that 20

i

ft/min was usu_allythe min_tu_ velocity utilized in chamber tests

because (a) this was believed equal to mlnim_m natural convection

currents, and (b) this was the mir_im_uvelocity observed to maintain

"air freshness', over subjects participating in tests.

• [ _ " °.
(

CO__;CLUS!ON..S i -

When on earth, man is provided with a natural flow of atmosphere about

his body induced by the existing gravity field. Under no1_al sea level
i

conditions this natural flo_ provides about a 20 to 30 ft/mln atmos-

pheric velocity. This, of Course, does not establish the necessary flo-_
i

for crew survival under spacecraft conditions.

Consideration of the overall thermal balance of a man subjected to

spacecraft conditions yields the result that the critical parameter is

the removal of the water released by the man for heat rejection. Even

- for a cold walled vehicle (55°F.), in order to provide sufficient atmos-

pheric flow under high metabolic activity levels (u-pto 2000 Btu/hr), a

minimum velocity of 15 ft/min is necessary to reject the man's latent

heat (sweat). For a more nor_l sit_mation_ere wall temperatt_e



approaches gas temperature, a velocity of 25 ft/min is required at hitch

activity levels. Incidentally, those required atmospherlc velocities

under spacecraft conditions are very near those provided naturally t_der

sea level conditions as pre_ious]_ discussed.

i i
I

" To obtain further qualitative evidence as to the required velocities, a

literature search of available test data on the subject was conducted.

Although no really applicabl_e data was found, that available _hlsclosed
i.
I

that a velocity near 20 ft/z_n is usually considered a mlui_-_ for cre_
i

comfort during chamber test_.
J

I

In vie_ of the above concluslons, specific reco_endations are made in

the follo_lng section.
...

• r

F_CO':_._fNDATEO._!S
:

Based on the results of thisi study, the _S Branch of Cre_ 3jstems

Division recor,nnends that: I "

I

• As a design goal, spacecraft should b_ supplied _ith ventilation

systems capable of providing average free stream gas velocities of

appr d   ly25
Q

- Velocities below 15 ft/mln are unacceptable since adeqtu_te cooling

during high crew activity will not be provided.
.. ° .
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